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I, INTRODUCTION

This report describes the results for the second year cf a research study
directed toward the development of directionally sclidified oxide matrix-metal
eutectic materials for use in aircraft zas turbines. This work was supported
by Naval Air Development Center contract N62269-75-C-0120, with Mr. I. Machlin
of the ‘laval Air Systems Commend as technical consultant and the Navel Air
Development Center, Warminster, PA, as the contracting agency.

There are a number of circumstrnces which could produce improvements in
the mechanical properties of ceramic-metal materials with a directional eutectic
micrcstructure over that available from hot-pressed ceramics. An immediate
possibility is that at high temperatures the minor metal phase will have the
high strength characteristic of a material in whisker form and that this phase
will directionally reinforce the somewhat ductile ceremic matrix in a typical
composite manner. The reality of this possibility has been demonstrated in
numerous metallic eutectic systems. Figure 1 shows that over a wide range of
temperatures, similar Petch type equations relate strength to the spacing be-
tween phases in a eutectic (Ref. 1) just as they relate the strength to grain
size in hct-pressed ceramics.

An important advantage of directionally cciidified eutectics for high
temperature strength applications is that their microstructure is extremely
stable, practically to the melting point (Ref. 2). This stability results from
the fact that their microstructures are produced directly from the molten state
under conditions of thermodynamic equilibrium. If grain boundaries are pres-
ent in these microstructures they are relatively few in number and generally
parallel to the axis of primary reinforcement.,

The strength of a eutectic composite at lower temperatures, where both
phases may be more brittle, may be enhanced by a suitable selection of phases
so that the matrix phase is placed in compression upon cooling due to differ-
ences in thermal expansion between the phases. A tensile stress applied to the
bulk composite then will not result in a tensile stress in the continuous ceramic
matrix phase until the compressive prestress is overcome. Tension is the primary
failure mode of ceramic materials, The effectiveness of prestressing in in-
creasing the strength of a ceramic matrix composite has been demonstrated (Ref.
3) and surface type prestressing is of considerable commercial importance in
the glass industry. If, in addition to the prestress contribution, the matrix
has a lower elastic modulus than the reinforcing phase, the amount of stress
seen by the matrix phase during tensile loading of the composite will be even
further reduced. A proportionately larger fraction of the applied stress is
carried by the minor phase as the ratio of the modulus of reinforcing to matrix
phase is increased.
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ine fracture of brittle materials is usually believed to involve the sudden
growen ¢f very fine flaws, called "Griffith Microcracks", which are always pres-
ent in these materials. The importance of a flaw depends upon its size. Frac-
ture normally involves the growth of the "critical" flaw which is the largest
ricrocrack with the appropriate orientation to the applied load. Because the
distribution of these flaws is random, the actual strengths of ceramics show a
statistical distribution which is also & function of volume stressed. Some en-
couraging efforts have been made to limit the size of microcracks by the pres-
ence of a fine dispersion of second phase particles, If ceramic eutectics with
& very fine, uniform microstructure can be produced, improved mechanical prop-
erties may be observed because the size of these microcracks are significantly
limited.

The incorporation of a metal whisker phase into a ceramic should dramati-
cally enhance the thermal conductivity and hence the resistance to thermal shock
of the ceramic. A number of investigators (Refs. 4,5) have noted improvements
in thermal shock resistance made by metal wire additions. Satisfactory resis-
tance to thermal shock is a serious requirement for an aircraft gas turbine part.

The impact strengths of ceramics are generally so low that they are not
usable in many important applicaticns for which they might otherwise be well
suited. The main mechanism by which energy is absorbed during fracture of
brittle materials is through the production of new surfaces. The presence of
a finely dispersed, high modulus fibrcus or lamellar phase may function to
deviate cracks and thus increase the amount of fracture surface produced during
failure. These energies can be increased significantly if cracks are deflected
so as to follow the dispersed phase-matrix interface. The NizAl1-NizCb inter-
metallic eutectic is an example where cracks are blunted and deflected along
these interfaces rather than propagating in the usual brittle manner. An
! example of this delamination process is shown in Fig. 2. Although this ma-

' terial shows practically no tensile duetility at room temperature, it has a
; room temperature Charpy impact strength of about 1.75 ft-1bs for half-sized,
f notched samples.
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In prior work sponsored by the Office of Naval Research at the United Tech-
nologies Research Center, it was demonstrated that directionally solidified
! oxide-oxide ceramic eutectics could exhibit exceptional strengths, particularly
i at elevated temperatures. Figure 3 shows flexural strength data for the Al;03-
! ZrO; (Y03) eutectic at 1575°C (2865°F) compared with values obtained for a good
i commercial polycrystalline Al,0; material at the same temperature (Ref., 6).
‘ The fracture toughness of this eutectic, as evaluated by the work~-to-fracture
technique, also showed significant increases over that required for single
phase Al;03.
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Measurements of the work of fracture of directionally solidified MgO-Cal
and 2r.»-Ca0+Zr0; eutectics, both of which contain a relatively ductile oxide
phase, showed dranmatic increases in their resistance to fracture at elevated
temperatures. Data for the Zr0,-Ca0+Zr0, system are presented in Fig. 4. At
elevated temperatures these two eutectics apparently behave in the classic
ccomposite manner wherein a ductile matrix phase is strengthened by a stronger
reinforcement phase which is relatively much less ductile.

The incorporation of a metal phase which can alsc absorb energy by plastic
flow can result in significant improvement in composite impact strength. In
earlier studies at UTRC, the impact strengths of ceramic composites containing
tungsten wires were examined. Charpy impact strengths of ~2 ft-lbs were mea-
sured for half-sized unnotched samples of mullite-tungsten wire composites
with greater than 1k volume percent tungsten. In more recent work by Brennan
(Ref. 7) at UTRC sponsored by the laval Air Systems Command, the Charpy impact
strength of hot-pressed Sijil, was increased from 0.5 to 18.0 ft-1bs by the
addition of 23 volume percent tantalum wires. Hart (Ref, 8) has reported that
+ne Charpy impact strength of the Cr;03-Mo eutectic is about 2.5 times that of
fine grained Al,Uj3, He also reported a work-to-fracture energy for this eutec-
tic of 40 x 10“ ergs/cm? (.029 ft-1b/em?). This is approximately four times
that of the Al,03-2r0, (Y203) eutectic shown in Fig. 3. Taken all together, the
above fracture and impact data suggest that there is a considerable potential
for improved toughness in ceramic matrix-metal eutectic systems,

Research during the first year of support for this program (Ref. 9) by the
dHaval Air Systems Cormmand concentrated on a survey of various binary eutectic
possibilities. The literature provided very limited information concerning
metal-oxide phase equilibria. The primary intention was to identify metal-
oxygen systems in which the metal whisker phase might form a self-protective
oxide coating on exposure to air at elevated temperatures.

After some preliminary experiments with refractory metal strip heaters, the
arrangement shown in Fig. 5 using a carbon susceptor for heating in an R.F.
field was developed to make experimental melts for microstructural examination.
During these melting experiments, an optical pyrometer was also used to sight
directly on samples held in simple tungsten wire baskets tc determine the tem-
peratures of incipient and complete melting., The initial powders used for
these samples were all of at least 99.9% purity and were hand mixed and iso-
statically cold pressed into rods at about 15,000 1bs/in.2 using evacuated rubber
containers. Before melting, the samples were prefired in argon to about 1300°C
(2370°F). Systems of interest were directionally solidified inside tungsten
tubes prepared by chemical vapor deposition. The molten zone inside these tubes
was produced by an external carbon ring susceptor in an R,F., field in an atmo-

sphere of argon., Additives which provided additional oxygen to the melt such
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as Cetdp, Crp0;y and WO3 were often necessary to increase the metal solubility
sulriciently o form & continuous eutectic microstructure. A number of po-
tentinlly interesting systems which regponded well to directional solidification,
Gdp 3=Celp=n, Y90)3-Celp-Ta and Y,0,-Ce0,-Y, could not survive a 24 hr exposure
to air at 1093°C (2000°F). The Cr-Al203, Cr203 system, however, showed a sur-
face utiuck of only & few mils after an exposure of 60 hrs in air at lh25°CH

(200u®F), .
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Jei Melts Made With Tungsten Baskets Inside Carbon Susceptors

Helting experiments were made to determine the eutectic compositicns along
the pseudo-binary trough in the Cr-Al203-CrpU3 ternary system, These composi-
ticns were of special interest because of the observation made during the first
year's effort tha% eutectics in +his system had good resistance to oxidation.
Prefired sampie slugs were melted inside a carbon susceptor in an argon atmc-
sphere. Tne samples were held inside hand-made baskets made from 20 mil diameter
W+ 3% Re wire. As shown in Fig. 5, the samples could be continuously observed
and their temperatures measured with an optical pyrometer through a quartz
window as they were being heated. The temperatures of initial melting were
irdicated by a rounding-off of some sharp feature of the sample. lUpon complete
reiting, the samples normally remained within the baskets because cf surface
ensicn forces,

Rl b R

elting temperature data obtained for a fixed ratio between Al,C3 and
Cr;03 (0.7:0.3) for various additions of Cr metal is presented in Fig. 6.
Similar data were cbtained for other Al;03:Crp03 ratios. Alumina and Cry0,
show complete solubility in all proportions with each other (Ref., 10). The
Cr-Cr,;03 system wus also examined and the literature data (Refs. 11,12) con-
firmed. We determined the eutectic temperature and composition for the Cr-
Cry203 system as being approximately 1683°C (3060°F) and 24 weight percent Cr
compared with literature values of 1660°C (3020°F) and 21 weight percent Cr.
Figure 7 shows the {r-Cr,04-Al,04 ternary phase equilibrium diagram in argon
using a carbon susceptor heater as determined by our measurements. The exis-
tence of a true eutectic between Cr and Al,C3 was not completely established.
The melting temperature measured for the eutectic at 2030°C (3690°F) is close
] to that for vure Al,03 and the Cr in the mierostructure was widely dispersed,
i with the largest amounts-being concentrated at grain boundaries.

In pricr work (Ref., 6) it was shown that a eutectic with outstanding high
temperature strength existed between Al703 and 2r0, stabilized with Y03,
Melting experiments determined that the eutectic melting temperature for this
oxide was ~1870°C (3400°F). Additions of Cr to this eutectic together with
a partial replacement of some of the Al,03 with Cr203 resulted in the discovery
of a ternary eutectic at approximately the following weight percentages: 2u
Cr, 23.5 Al,0U3, 23.5 Crp03, 25 2rO, and 4 Y203. This eutectic melted at
approximately 1662°C (3020°F) and consisted of whiskers of Cr and Zr0; sta- :
bilized in the cubic structure by the Y303, uniformly dispersed in a matrix of él
A1,0;5 and Cr,0, in solid solution.
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the melting experiments is presented in Table I,

A geleral swamary of all of
Yyoof orthor relt widitions were made to the basie Cr-Al;G3~-Crola system.
r

Y4 and re, and rerplancment of the Cr by Ta or by
mixtures of Tu owitn Taslo, Heplacement orf Cr by e resulted in porcsity and
evidence ¢f an additional oxlide phase. In cther melts there was evidence of
reaction with the tunysten wire basket and gocd metal solubility. FEvidence for

Jhese included aldicions o

latiiity of meval in the melt was assumed whern the metal phase was uni-
formly dispersed on a fine scale in a polished section. At the other extreme,
in a melt witn poor solubility the metal was concentrated in a few large spheres
milar glovs, Additions of Ta and Cr resulted in uneven metal solu-
a rod~like eutectic was seen. In other melts, porcosity was an evi-
dent problen as well as the presence of an additicnal oxide phase., Additions

of <he Talry;-Cr eutectic te AlyL3-Crp0iy sclid scluticns alsc resulted in ius-
lated arecas o! good eutectic microstructures, a metal-metal eutectic and a
rr.y defined additicral grain boundary phase, Melts with additions of re
in exuremely [ine metal dispersions which could indicate
cr a =.lid state vrecipitation process.

Helts of U1 and v with Al; U3 and Cr,03 showed porosity, poor metal solu-
piliny and contained additicnal oxide phases. These are probably subcxide
phases wunicn would not e strong or stable in an air environment at elevated
termperatures.

Melts o1 the MgQ-MgO'AlZOB and Mgl+Al,,-Al,0, eutectic compositions did
not show evidence of reaction with W wires whereas reactions were evident with
Cr additions. 1In both cases there was evidence of metal solubility but regular
eytectic microstructures were not seen.

A mullite-zircon eutectic melt had a structure filled with long dendrites
which arpeared <o have decomposed to form extremely regular eutectic-1ike
structures at right angles to the direction of solidification. An examrle of
this microstructure is shown in Fig, 8. The areas between the dendrites appeared
to be glass., Chromium metal was not soluble in this melt.

Addi<icns of Ta and Cr to the MgO+*Al, 03 spinel resulted in voor metal
solubility except for the ternary eutectic present in the grain boundaries.

ttempts tc melt Fe with the FeG+Cr,C3-Crp 03 eutectic composition resulted
in extensive reaction with the tungsten basket. The problem was less with melts
made in Alp0; or Al,05°:lig0 crucibles. Additions of both Fe and Cr to reC:ir)l3- i
Cr203 also resulted in reaction with the W baskets. Reaction was less of a
problert when 0 or Al;C3 crucibles were used. A metal-oxide eutectic was cb-
served in the rrain boundaries of these melts together with good metal solu- -

bilities. Figire 9 shows the typical microstructure observed in a meit of




Lryly and Fe,04 combined with u mixture of Fe and Cr showing good metal solu-
Yility. In other melts inside short tubhes of CVD tungsten, porosity and exten-

sive metal solulility throughout was observed as well as reaction with the W.

Melts of Cr with the FeO- Cr;04-Cr,05 eutectic composition in short CVI
tunpsten tubes revealed two phase metal globs and areas of metal-cxide eutectlv
The oxide phase showed a tendency either to finz scale porosity or plttlng dur-
ing the polishing operaticn. f

1
2.2 Directional Solidification in Refractory Metal Tubes S

Directional sclidification experiments were conducted using as containérs
cemmereial CVD tungsten tubes*, L in. long x 3/8 in. I.D. with a 0.005 in. thlck
will. The tubes fitted on the Lnd of a refractory metal post and were traversed
by <ais support down through a carbon ring susceptor which created a zone of
molten eutectic within the tube, A schematic of the apparatus is shown in Hig.
10, The bottom of the contalnment tube was self-sealed by the first melt which
solidified on or near the refractory metal suppert post. The upper end of the
ube was loosely sealed with a refractory metal cap. The use of a container was
censidered desirable berause it cerresponds more closely, than does a floating
multen zone approach, to current foundry practice. It had the addition advan-
tuge thav it tended to inhibit the luss of constituents by evaporation.

It became apparent that longer containment tubes would be desirable to make
ingots of good size. Attenpts to use less costly tantalum tubes were abandoned
because ¢of the’r reactivity. Longer ingots were made successfully using twd
L in, long tungsten tubes cn top of one arother held in position by several fturns
of Mo foil fastened with tungsten wire. An internal capability to prepare 3/8 in.
I.D. x 7 in. long tungsten tubes by chemical vapor depositicn was then developed
under Corporate syonsorship. These tubes were used for the remainder of the
program after some preliminary attempts to use tantalum tubes coated 1nternally
with CVD tungsten vere unsuccessful,

A major problem in making sound ingots was the elimination of the gé;es
evoulved during melting. These gases when entrapped would result in the forma-
tion of a number of short ingot sections with air pockets in between and/on‘
bursting of the tungsten tubes. The use of a vibretor of variable force and
frequency at the bottom of the refractory metal support rod was of some help but
the best solution was to apply a weight of about 90 gms at the top of the ceramic-
metal charge rod and to use smaller feed rods (i.e. 1/16 in. dimmeter). vémall

*Ultramet, Paccima, CA
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Died Loles i the upper sectlions of the tungsten tubes were also focund to be

N

nel, Sul o tor the relief of gas pressures,

s penera, ouumary of all of the directional scolidification experiments is
cresented In Tavtle 11, Many directiornally solidified ingots of the Cr-Al,fa-
werm were prepared.  Most ingots had many small sections with
J . .d structure as shown, for example, in Fig. 11. Obtaining a uni-

Tornoy good micrcstructure toroughout was difficult. At speeds greater than

ateut 1 ocor.nr the structure became cellular and it became especially difficult

t¢ ottain 4 uniform microstructure. The cells tended tu be divided into three

seoticons rarailel to the direction of golidification in & similar manner as

was usurved in the Al,U,-UrG, (Y203) eutectic system (Kef. 6). All the whiskers

t¢ osrow at the same luarge ang¢e to the direction of sclidi-

d major difficulty with this system was the presence of

'ally in cell boundaries. This problem was probably due to
e Cr constituent., The ingots appeared tc be pore-free con

and were oasily separated from the tungsten containment tubes.

atile w5 prepare meterial witn uniform, pere-free micro-

whnotohed Charyy impact samples were prerpared ard tested al

JLeonweragme inmvact serengin obtained was 0,01 ft-Ib.

6 the Thnree phase eutectic, 24 w/o Cr,

wnd b Y,0q menticned earlier, were alsc pre-

structure similar to those observed in the

‘f. 6). Whiskers of Zr r0, stabilized with Y, 0 3
ks

solid scluticn with the chromium metal associated

sclidlification was only observed at sciidification speeds below
T Ipure 12 shwows a lonpitudinal view ¢l the nmicrostructure obtained

at a so a~ion sveed of 0.5 em/hr, The ‘rU, phase is very irregular whije
the me+tal phase shows o directionality. The Cr rhase is asscciated primarily
4
.

with *he Ir0p 'Y.u3) rhase., The C-axis of *he Al, T3, Cry04 solid sclution and
tne [111] axis of the stabilized Zr0, are parallel to the directiocn of sclidifi-
caticn. The crientation of the Cr phase has not been determined, Electron
microcprobe experiments confirmed that the metal phase was pure Cr with only
trace amounts of tungsten precent. Powder X-ray experiments confirmed that all
the zirconi=a present had the cubic arystal structure.

In earlier studies of oxide eutectics it was observed that the Zr0, whiskers
rreferred to pgrow at a large angle to the liquid solid interface. Very perfect

crostructures were cbtained when the eutectic was grown from a preoperly oriented
seed. Figure 12 shows in transverse section the perfect whisker microstructure
that can be cbtained with the metal whisker reinforced eutectic when the Al,Jd3,




Cr,J3 phase is forced to grow parallel to the [0224] by use of a sapphire seed
crystal., In this picture the small whiskers are 2r0, (Y,0;), the larger irreg-
ular cross-section whiskers are Cr metal and the matrix is Al,O,, Cr,0, in solid
solution.

The results of experiments conducted to measure the oxidation resistance of
the unseeded "ternary" eutectic are shown in Fig. 1L. After an initial oxidation
of the exposed metal whiskers, there was practically no change in the weight of
this material in static air at 1L25°C (2600°F).

The strengths of four samples of the unseeded "ternary" eutectic grown at
1.2 cm/hr were measured in bending at 1540°C (2800°F) in argon. The average
strengths were 23,400 1bs/in.?. The samples were brittle and there were Jjogs
in the loading record suggesting cracking well below the ultimate strength.
After testing the samples were all observed to contain significant longitudinal
cracks. Many cruacks were also observed in the sample used to obtain the oxi-
dation data presented in Fig. 14, Apparently this material contains appreciable
internal stresses which can be aggravated by heating.

A small series of solidification experiments were also run in which Fe was
present tcgether with Fe,05 &s additions to the Cr-Al,03-Cr,05 ternary. The
results, i.e. reaction, suggest that tungsten crucibles cannot be used to con-
tain melts with re additions,




I1I. SUMMARY AND CONCLUSIONS

The phase equilibria diagram for the Cr-Cr;03-Al,03 system has been deter-
mined for melts made in argon inside a carbon susceptor.

Many metal-oxide melts were made primarily in tungsten wire baskets in
search of controllable, regular eutectic microstructures. Many sys*ems showed
evidence of extensive metal solubility in the melts and in some case regular
eutectic structures were observed. This appeared to be particularly true wuen
the matrix was a spinel capable of a variable valence.

It was not possible to directionally solidify the Cr-Al,(i3-Cr,U3 ternary
eutectic with uniform microstructures free of fine scale porosity.

A multicomponent eutectic of stabilized zirconia and chromium whiskers in
an Alp03, Crp03 solid solution matrix could be seeded with sapphire to grow with
very perfect microstructures. However, this eutectic tended to develcr cracks
when heated in air tc elevated temperatures.

The multiccmpenent eutectic showed bend strengths of 23,400 1bs/in.? at
1540°C (2B00°F) in argon and a weight gain of about 3% after 52 hrs in air at
1425°C (2600°F).

10




IV, PFUTURE WORK

The possibility of forming regular oxide-metal eutectics containing NiAl as
the metal phase will be examined. This metal compound is relatively refractory
(M., 1735°C) and it should have excellent resistance to oxidation. i

The search for oxide matrix candidates will concentrate on the various
spinel ccmpounds. These have cubic crystal structures which should alsc faver
regular eutectic microstructures. They also can have a variety of valence states
which should be favorable to metal solubility in the melt.

Because of recent difficulties with container-melt reaction, directional o ]
solidification runs will be made without containers using the floating molten
zone technique.

The effects of small partial pressures of oxygen and neutral atmospheres
on metal solubility in the melt will be examined. A Mo ring susceptor with Ta
neat shields has been used successfully to reach 1800°C (3270°F) in argon but it
has not been used as yet for melting eutectics.
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Table 1

Melting Runs in Tungsten Raskets

(Arpon Atmosphere, Carbon Susceptor)

Run # Material (Wt %)
W-Mp-75-3l 53 Crp0y
25 AleOg
22 Cr
W=Mp=75-35 53.5 Cry04

W-Mp=75-36

W=Mp=-75=-37

W-Mp=-75-383

W=Mp-75-39

W-Mp-75-40

W-Mp-75-41

W-Mp-75-U42

W-Mp=75-43

22.35 AlpOy
24,15 Cr

55.2 Cr203
22,94 AlgOg
21,85 Cr

23 Cr

37.35 Crp03
25.3 Cr

39.65 Cro05
20.7 Cr

22.35 A1203
2k.5 Ccr

39.05 Cra03
39.65 Al503
20,7 Cr

53.5 Cr203
24,15 Cr

k2 Crp03
L2 Alp03
16 Cr

Remarks (°c)

Two samples run, both melting at 1754°
corrected, molten 1808° corrected.

Completely molten at 1795° corrected.

felting 17530 corrected,

Melting 1732° corrected, molten 1795°
corrected.

Melting 1743° corrected, molten 17950
corrected.

Completely molten 179500 corrected.

Molten 1764°C corrected.

Basket came loose, run lost, repeated:
melting 1737° corrected, molten 1769°
corrected.

Melting 1740° corrected, molten 1758°

corrected.

Melting 1753° corrected, molten 1764°
corrected,




Run #

Material (Wt %)

W-Mp=-75-Lk

W-Mp~75-U45

W~Mp=-75=h6

W=Mp=75~L47

W-Mp~75-43

W-Mp-T75-4¢

W-Mp-75-50

W-Mp-75-51

W-Mp-75-52

W-Mp-75-53

W=Mp-75-54

hl Cr203
41 Aly04
18 ¢r

37 Cr203
37 A1203
26 cr

22499 Crp03
22.01 Alp03
25 Cr

52.28 Crp0g
26 Cr

50.87 Cr203
21.13 A1203
28.0 Cr

26 Cr

52 » ()9 eroj.;
22.01 Alp0q
25.0 Cr

55-2 CrQOB
22,99 Al204
21.85 cr

b2 A1204
16 Cr

hl Cr203
41 A1704
18 Cr

37 Cr203
37 A1203
26 Cr

Table I (Cont'd)

Remarks oC

Melted 1722° corrected, no further melting
at 1748° corrected.

Melting at 1753° corrected.

Melting 17530 corrected

Melting 1764° corrected, molten 177L°
corrected.

Melting 1753° corrected, molten 1790°
corrected.

Melting 1690° obs, 1753° corrected, molten
1710-20 obs, 1774°-85° corrected.

Melting 1753° corrected, molten 1785°
corrected.

Melting 1753° corrected, molten 1790°
corrected, repeated, same results.

Melting 1753° corrected, molten 17745

Melting 1743° corrected, molten 1764°
corrected,

Melting 1743° corrected, molten 177L°
corrected.
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Run #

Material (Wt %)

W-Mp-75-55

W-Mp=75-56

W-Mp~75-57

W=Mp~75-58

W-Mp=-75=-59

W=-Mp-75-60

W-Mp-75-61

W=Mp-75-62

W-Mp-75-63

W-Mp-75-6l

W=-Mp-75-65

53 Cr2O3
25 Cr

76 Crp03
10.0 Cr

73 Cr203
12.9 Al503
14,0 cr

714 Cr203
12.6 Alp0s
16.0 Cr

7 Cr

%0 Al203
10 Cr

87 A1203
13 Cr

L5 41504
5 Crng
42,5 Zroo
Te5 Y2O3

5.456 Cra03
19.0 Al,03
38.66 Zr0o
6.8k Y203

M.O Cr203
36.0 Alp03
51.0 ZrOp
2.0 Y204

36.83 Aly03
4,09 Crp03
28.96 Zr0p

25.0 Cr

Table I (Cont'd)

Remarks OC
Melting 1753° corrected, molten ~ 1669° -

17740 (not completely molten when removed).

Melting 1922° corrected, completely molten
1935 - 1940° corrected.

Melting 1884L° corrected, molten 1902°
corrected,

Melting 1930° corrected, molten 19LLC
corrected.,

No melting up to 19550 corrected.
Purnace problems, run stopped, repeated,
melting 20563corrected, molten 2075° corrected.

Melting 2040° corrected,
molten 204L° corrected.

Melting 20750corrected, molten
20859 corrected.

Melted 1856° corrected, repeated.

Melting 1870° corrected, molten 1890°
corrected,

Melting 1860° corrected, molten 1870°
corrected.

Melting 1880° corrected, molter 1930°
corrected,

Melting 1808° corrected, molten
1830° corrected.
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Runyy

WeMp=T75=-05

W-Mp=-75-67

W-Mp-75-18

W=-Mp-75-69

W-Mp~75=70

W-Mp=-75-70

W-Mp-75-71

W-Mp~75-72

Material (Wt %)

Table I (Cont'd)

Remarks

39.25 Aly0q
30.93 Zr0s
20 Cr

L1.74 AL1,04
L6 Cr203-
32.86 Zr0o
5.17 Y203
1.5 Cr

10 Ta
7€ Al50q
13.5 Crp03

14 Ta
73.1 A1203
12.9 Cr203

16 Ta

73.1 Al,0,
a

12./ CI‘203

16 Ta
7L.4 Al504
12.6 Cry0q

9.5 Ta
2.5 Cr
76.5 A1203
13.5 Cr203

13.3 Ta
3.5 Cr
73.1 Al50
12.9 Crp03

oc)

0]
Melting 1812 C corrected, molten

18750 corrected

Melting 1812° corrected,
1848° corrected. Sample
after melting

Melting 1935° corrected,
1950° corrected

Melting 19250 corrected,
1940° corrected

Melting 19250 corrected,
1940° corrected

Melting 1892° corrected,
molten 1930° corrected

Melting 1881° corrected,
molten 1930° corrected

Melting 1890° corrected,
molten 1920O corrected

molten
had pink color

molten

molten

molten




Table I (Cont'd)

Runy Matcrial (Wt & Remarks (°c)
Welp=52 3 15.2 Ta Melting 1020-1330° corrccted, molten 17740° ;
.0 Cr corrected; rapid meltin: once started 3
71.h AL Og 1
12.6 Crp03 :
- — - . [}
WeMp-T75-7h 5 Cr Melting 2050°, molten 2060 corrected
a5 A1203
~ o]
W=rp=75=75 S Cr Melting ?OhOO, molten 2050 corrected
85 A1,0.
o
W-lp=75=""0r 11 Cr Melting 20&00, molten 20500 corrected
0 Alp0,
Werp=T5-7T : )
noslp= o= > Cr Meltin: 2035°, molten 2060° corrected
85 Ala@3
Welp-T5-7% 12 Cr Melting 16457, molten 1670° corrccted.
23.7v Alp0g Most of melt lost when basket
22,70 Cra0sg fused to insulation
L o2ro, T
Gl 203
- o]
W=rp=T75-77 1¢ or Meltin- 1650 , molten 1670° corrected
(5/2::75% 22,07 AloO=
22.65 Cr203
32.2L-2r0,
5.2C Y202
W-2p=75-2C 22 ¢r Melting 1670-1680°, molten
20.73 Alp04 1730 corrected.
20.75 Cr,03
30.12 2r05
5.32 Y203
W-lp=T75-31 25 cr Melting 1662°, molten

12.kL A150, 1690° corrected
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Run

Table 1 {Cont'd)

Material (Wt 9)

W-Mp-75-32

WaMp=75~£3

W-Mp-75-8L

W-Mp-75-35

W-Mp=75-36

Watip~-75-87

W-Mp-75-38

W-Mp=75-89

W~Mp=75=%0

W-Mp=-75-91

W-Mp=-75-92

S o it e
La.;. ey .

L4
k3
h}

14
Lo
L6

10
90

15
85

20
80

25
75

20
70

Al,

Ta

A1203
Crp03

Ta

Ta.205
A1203
Cr203

Ta
Ta205
A1203

Ta
Ta205
CI‘ZOB

Cr
CI‘203

Cr
Cr203

Cr
Cr203

Cr
Creo3

Cr
Crgo3

O3

sintered

5 Cr

EZ

Crgo3

powder

Melting 16809, molten 1757° corrceted,
’ ®
Repeated 1C9OO meltin:, 17L8Jmoltun, rot

clear that meltin, really oceurred (cirterin:)

. el Lo .
Melting 15657, molten 1625 corrrcted

o
Meltingz 1570 , molten 15800 correcten

Melting lShOO, molten 15530 corrected

Melting 1657°, molten 1772°, corrccted,
Melted, but edges still charp, do over.

o
Meltinz 1690 , molten 1731° corrccted.

. ) o
Melting 1657, molten 1708  corrected.
Close to eutectic but oxide rich,
Meltin:; 1670°, molten 1700°, corrected
Melting 1690-1700°, molten 1710°-1720
Much eutectic, metal dendrites and a few

oxide dentrites. Guess eutectic ~25 w/o Cr.

Melting 1785°, 1989° - do over - don't use
this data.

Completely molten 20500 corrected. Some
metal, extremely dispersed.
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Rung

Table

Material (Wt %)

Wetp=75-7

W-Mp-75-9k

W-rn=75-"5

W=Np=T75=-10

H=2p=T75=497

W=p=T5=3

W-Mp=75-100

W-1p=75-101

Walp=T75-102

o “r

92 Crpl
J ro 3

10 Cr
o2 Cr203

100 7 AL0-
Sintered powder

5 I
k7.5 A1207
k7.5 Cro04
10 Nb
h5 AlOOQ
L5 Créog

p—
[RSER VRN

o
5 A1203
.5 Cr203

L
i

5 Ta
L7.5 A1,04

10 Ta
L5 A1203
L}'5 crzo')\

15 Ta
1&2 . 5 CI‘203
h2.5 AlpOq

5 Ti
47.5 Al,04

I (Cont'd;

Remarks (7C;

Melting 2020°C, molten 205°° corrcctod,
Some eutectic like structure, mctal
better dispersed than 5 w/o Cr,

o}

Melting 177L5 molten 18457, very little
eutectic, oxide grains with metal in
boundaries.

O . -0
17007 sintering, molten 20627, corrected

. o) NG} .
veltin 19877, molten 177%27°C, corrected.
Sample fused to heater, repeated

meltins 1070°%, molten 1995°, corrected.

Melting 1755°, molten 1808°, corrected.

Repeated 1737° meltine, 17850 molten
Final sample very porous.

. 0 0
Melting 17327, molten 17537C corrected.
Final sample is more molten than -7, ctill
some porosity {rourhnezs in lower sections ),

Melting 17530, molten 1811° corrccted.
lelted well but porous.

Melting 2063°, molten 2073° correc'=d.

Melted framments below basket appear as

solid zlobs of melt with no porosity. Repeat
with smaller charge, tighter basket.

; o
Melting 1725°, molten 18087, porous, do over

with smaller sample.

Melting 1720°, molten 172°. Nicc melting
compared with ~101 but porous.




Tabile I {(Cont'd J

Hun # Material (We %) Kemar«s 1°C,
werp=Th=1 03 iS5 Algta Melten 1090°0, fused to healer, cio down,
WY Cre Ty repeated, melting 1CA57, molven 16707,
073
10 7L quite porous, £ coxide rhaseg, metal nct
diffused, poor polishinge.
e P— n o~ . . e - 4
===l D s b AlpUa Meltving 1ees”, melten L7007, forous, poor
LoVE ero3 to polish, cimilar to -10%,
“~
15 Ti
wWelir=Tha105 Cintering €010, mol*en o l207,

W=tr=T5=-100

s 8 3 at
grain beoundaries {lighizr) wi<th eurcctic
in it. Jood metal scluticr. - need mcore
metal.

W=lp~T5-107 55 Rlota Meiting £010%, molten 2062°,
345 Cr‘r,'"‘}
1C Ta

Welp=T75=208 5.2 A1203 Melting 1715%, mclten 17¢2%, sample very
45.2 Crp0sg porcus, peor polish, twe cxides with yri-
15 Ta riary or uncdissoclved primary.

w=lp=T5-109 90 Crz03 Melting 201C°, molten 2020°, metal dis-
10 Cr persed, primarily in G.B.

IR A PPN 88 Al50 M ine 20 o 1+ 2 ~ O

A=ip=T5=110 203 felting 20157, molten 20257,
ie Cr

Wellp=T75-111 85 AlpCy Melting 2030°, molten J0L1%, very dense

ne pores), definite indications of eutec-
¢, long whiskers especially abt bounlaries-
eed more metal,

W=llp-T5=-11&2 79 Crp03 Melting 1690°, molten 17009,
21 Cr

[ UV




we=p=T0-10

Wmlp=T5=110

0

o

-1

-3
Wl

1 v
Hmes iD=

W=lip-T5-121

Ye=tip=T5=122

Material (Wt %

TE Crof

i e
e Ty

75 Crpla
32 Cr

we ALz
o, T
Ly Croig
1z iip

h3.5 Alp03
L3.5 Crpod3
13 Cr

T8 Alp03
13.2 CrpCy
i2 Cr

73.95 Alp03
13.05 Crp03
13 Cr

kemurks (°C)

Melting 1€75%, moiven 1€90%, good eutectic
structures, best ~cl

not excessive,

Melving 17207, molten 173

9
+ ) . . . I
parent ) primary grains, boundaries oxide-~
cxide (sub) eutectic and me<a’-cxide {eub;

eurectic,

Yelwen 1710°, some melt dropped ‘rorm buasket,
uctures like =115,

9]
ot
~

L3
Q

Melting 1720°%, molten 1741%, 3 phases, :
sign of eutectics,

lelting 1732°, molten 1753°.

Melting 1700°, molten 17327, metal poor,
good eutectic structure but with porcsity.
Structures better than -118% & -119. Evi-
dence of reaction with W.

Melting 1832°, molten 18957,

Melting 1825°. molten 1880°.

Ny
(s




-
w=lp=T5-125

W=lp=T5=12¢

W=Mp=75-127

W-lp-75-128

W-llp=T5-129

Wlip=T5-130

W-Mp-T5-131

W-ilp-~75-132

Material (Wt

1.1& . 5 Al‘;O3
Loy Crpl-
11 Cr

Ll CI‘303
12 Cr

uh Ai-0Cn
wly Crgf)g

12 Cr

43,5 AlpO-
k3.5 Crp03
13 Cr

80 Cr203
20 Cr

75 Al203
25 Cr

55 Alou3
L5 g0

L6.75 A1p03
38.25 MgO
15 Cr

97.3 Alp03
2.7 Mg0

82.7 Al103
2.3 Mg0
15 Cr

Table I (Cont'd)

Remarks (°C)

Melting 1737°, molten 1T€ELC,

dfelting 1732°, molten 1T€L°,

Yelting L725%, molten 1753°,

Melting 1705°, molten 1732°.

Partly melted 2030°.

llelting 2010°, molten 2030°, fine disyer-
sicn of metal, no regular structure. Metal
assoclated mostly with G.B., cxide diffi-
cult to polish without pits depending upon
orientatiocn.

Melten 2010°, very close Lo eutectic, ro
evidence of reaction with W (!gC-spinel).

Melting 2000°, molten 2020°, (MgO-spinel
eutectic). Cr metal dispersed but not
regular, long Cr whiskers, significant
attack on W by melt.

Molten 2010°, difficult tc sec, apparently
off eutectic, lcts of dendrites.

Melting 1965°, mclten 1975°, me+anl dispersed
but no regular structure. Can't see AlpO3-

spinel eutectic, many pits during polishing.




Fun # Material (Wt %)

-Mp-T75-133 36.3 AL203
7

W-lp-T5-130

N
X
[
4

Al

We=p=T75=137 T ALZOR

27.5 Alp03
2745 Cr203
15 Ta
30 Cr

W-lp-75-138

W=Mp-75-139 3

W-HMp=-T5-140 38 Alp03

mable I (Cont'd)

Kemarks (9C)
Melting 17107, melten 1773%, mullite-zircon
compGsition, Jtrucuure filled with den-
drives whiecl have "decomposed” to eutectic-
1ike gtriclures,
dendrites.

npLarent glass petween

Mullite-rireon-Cr, metal nct very sclutle,
not dispersed, where i+t appears lhere are
dendriLes of an additicnal darxer phase
(0105 Crp0a7)

L Y

Melting 1980°, molten 1715°, suggestion of
2nd oxide rhase. Rod-like eutectic, metal
incempletely dissolved. lecond coxide may

ve same yhase of different crien=ation wiich
pulishes differently.

Melting 19307, molten 1955°, depenerate
eutectic (%). Additional rhasz -r "chip

+ "

outs' during polishing.

. . G
Meltings 19307, molten 195% excess metal,
scme rod-like eutectic, pcoor polish,

Melting 1690°, molten 1710°, excess meval,
nct well dispersed. Oome rod-like eutectic,
2 oxide phases, metal globs . rhase.

Melting 1950°, molten 1975°, rcd-like eutec-
tic (metal whiskers) in between acicular
crystals, metal not well disperscd. letal
globs 2-phase. System looks worthy or
further effort,

Melting 1690°, molten 1715°.




Run #

W=lMp-T75-1L1

W-lp=75=-1L2

W-Mp=T6=T

Wellp-T6=8

W-Mp-T76-9

W-Mp-T76-10

W-Mp=T76-11

W-Mp-T6-12

Materinl (Wt %)

2T.5 Alp0O3
27,5 Cr203
33.75 Ta
11.25 Cr

38.5 Alp03
31.5 Mg0
9.9 Ta
20.1 Cr

81 Cr. 203
1h.1
L,9 re

R

203

Sl Alpty

54 Crlﬁj
15 Jr
oM,

.4

81 Crp03
1.1 FepO3
L.9 Fe

62.L Crp03
10.8 Fep03
3.8 Fe
23 Cr

62.4 Crpls
10.8 Fep03
3.8 re
23 Cr

Table I (Cont'd)

Remarks (°C)

Melting 1580°, molten 1615°, porous, poor
metal solubility.

Very dense, transparent, primary phase
(dark) in excess, metal solubility poor
except for good ternary eutectic in grain
bounderies. System worthy of further
investigation.

Attempt to make FeO«Crp03-Crp03 eutectic,
at 1800°C reaction with W basket.

Attempt CrpOUs3-AlpCz 5.5. with Talrp-Cr
eutectic, Melted 1638°, globs of metal,
semi-dendritic; grains contain some good
eutectic, cthers clear, a shargly defined
grain boundary phase appears tc be un-
scratched., In some area this phase is
dispersed, may cause poor polish. Is
TapCy present?

Melted 1€50°, globs cf semi-dendritic metal,

cannct see metal-metal eutectic. Grain
boundary phase as in -0.

Repeat of -7, material fell through W bas~
ket above 1800°C, did not meit.

Material reacted with W basket at 1750°C.

Melted in MgO crucible at 19¢0°,
metal-ceremic in grain boundaries.

25

"Euteectic"

LN L]




Run #
W=lp=TH-13
Welp=TO-1k
Wellp=Te=1Y

W=ty =To=10

W-lp-T6=~17

W-lp=-T6~18

W=lp=T76~19
W=llp~T6-20

Material (Wt 7%

€o.h Cr; 03
10.8 Feply
11.8 Fe
15.0 Cr

62,4 Crpo3
10.8 FepO4y
3.8 Fe
15.5 Cr
7.5 Ta

20.6 AlpU3
Lo,k CrpO3
3.8 re
10.8 F6203
23 Cr

6 Alno0O3

L Cr203
0.8 F6203

0 Cr

8 Fe

30.8 Crp03
46,2 FepCy
23.0 Cr

15.4 Crpog
61.6 Fey03
23 Cr

21.5 Alp03
48,5 Crp03
20 Cr

21.5 AlpU3
h8.5 Crp03
10 Cr

20 Fe

Table I (Cont'd)

Remarks (°C)

Melted 1800°C in alumina crucible, not much
reaction although crucible leaked, mirro-
structure similar to =12,

Reacted with alumina crucible (boiling?)
at ~1760°C.

Good melt, some reacticn with Zr0s cruecible,
many interesting structures. Melted 172C°,
oxide~oxide eutectic looks like YpO3-Zrip
solid state reaction, considerable metal
solubility.

Melted 1800°, reaction and some melt
through of crucible.

Did not melt completely at 18L0°, siight

reaction with spinel crucitle.

Melted through bottom of alumina crucible
at 1800°,

Melted through bottom of alumina crucible
at 1680°.

Melted through bottom of Zrl~ crucible at
1750°.




Run #

W=Mp-T6-21

W-Mp=T6=22

W-lp=T76-23
W=1p=T5=24
W=llp=T6-25
W-Mp~T6-26
Welp=T6-27

Material (Wt %)

Table I (Cont'd)

21.5 Alp03
L9 Fep03

6 Cr

2L Fe

62.4 Crp03
10.6 Fey03
3.8 Fe
15.5 Cr
T.5 Ta

62,5 Cr203
10.8 FepOg
11.8 Fe
15.0 Cr

81 Crp03
41.1 FepOs3
L.9 Fe

15.4 Cr203
61.6 Fep03
23 Cr

Remarks (°C)

Melted through bottom of ZrO, crucible at
1720°,

FeO-Cr203-Cr203 eutectic + Cr-CrpoTa eutec~
tic, partial melt in 1 3/8" bond CVD tungsten
tube; metal globs, fine dispersion of metal

in eutectic only near end. Much evidence of
sharp-sided grain boundary phase, may disperse
to form "microporosity"” cn polishing.

Repeat of =13 with tungsten; melted at 1880°,
good metal solubility but metal rich., Some
reaction with W. Matrix rough, perhaps due
to spinel formation. Metal globs Z-phase.

Repeat of -10 in W, meited well at ~1840°,
some reaction with W. Two phase metal globs
+ pores, UGrey, sharp edged phase again at
boundaries, primary grains filled with chips
or pits. Conclude Fe nct all converted to
FeO'FegO3.

Repeat of =16 in W, gocd melt at 1830°, some
liquid lcs*t through crucible., Considerable
porosity, metal globs, considerable metal
solubility on a fine scale, some large grains
of completely dense oxide.

Repeat of =17 in W, FepO3, Crp03 + Cr, melt-
ing at ~2000°, 2-phase metal S.3. globs, some
metal dispersed well, good eutectic in one well
melted area., Oxide tends to fine scale pits

or pcrosity.

Repeat of -18 in tungsten, melted at ~1890°,
some melt lost through W. Microstructure
similar to =20 but more porous. Evident W
solubility, second phase in metal globs
apparently W.




Run #
W-tp-T76-28
W-Mp-T6-29
= p=T0=30

Material (Wt %)

Table I (Cont'd)

21.5 Alp03
h8.5 Cr203
20 Cr
10 Fe

21.5 AlpO3
hB.S Cr203
10 Cr
20 Fe

21 Crp03
Lg Fep013
6 Cr
2L Fe

Remarks (°C)

Repeat of -19 in tungsten, melted ~1790°,
very find metal dispersions.

Repeat of -20 in tungsten, melted ~1860°,
more dense than -28, very fine eutectic,
whiskers not crystallographic, excess metal,
some primary oxide (A1203?), slight reaction
with crucible.

Repeat of =21 in W, melted ~1865%, Ceod
disperse metal-metal oxide throughout.
2-phase metal reaction layer at W wall,
internal globs appear to be single phasec,

28
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AS A FUNCTION OF TEMPERATURE AND (INTERLAMELLAR SPACING) ™’

STRESS-1000 PSi
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FIG 3

STRENGTH OF Aly03-2ZrO5 (Y203) EUTECTIC AT 1575°C
COMPARED WITH POLYCRYST. Aly03
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FIG 5

SCHEMATIC OF TUNGSTEN WIRE-BASKET MELTING POINT FURNACE
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FIG. 6
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FIG. 7
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FIG. 8

MICROSTRUCTURE FORMED BY MELTING MULLITE-ZIRCON
EUTECTIC COMPOSITION
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MICROSTRUCTURES FORMED BY MELTING 21 w/o Crp03,

3, 6Cr AND 24 Fe

49 Feo0




FIG. 10
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TRANSVERSE MICROSTRUCTURE OF BINARY EUTECTIC

i T S S | A BT AL LY SOLIDIFIEL 16 CM HR

Cr?Oa Aln04



FIG. 12

LONGITUDINAL MICROSTRUCTURE OF TERNARY EUTECTIC
24 w/o Cr, 28 w0 2rQOy, 4.6 w0 Y203, 21.7 wio Crp03, 21.7 w/o

Al>03 DIRECTIONALLY SOLIDIFIED AT 0.5 CM/HR




TRANSVERSE MICROSTRUCTURE OF 24 w/o Cr, 23.5 Al303, 235 Crp03, 25 ZrOy
AND 4Y503 EUTECTIC GROWN PARALLEL TO THE |0224| OF A SAPPHIRE SEED
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PERCENT INCREASE IN WEIGHT

WEIGHT GAIN OF DIRECTIONALLY SOLIDIFIED TERNARY EUTECTIC

24 w/o Or, 28 w/o ZrOy, 4.6 W/o Y505, 21.7 Cry03, 21.7

wio Al,03 IN AIR AT 1425°C
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